We studied the Baeyer-Villiger (BV) type oxidation of phenylrhenium trioxide (PTO) by H 2 O 2 in the aqueous phase using Quantum Mechanics (density functional theory with the M06 functional) focusing on how the solution pH and the para-substituent affect the Gibbs free energy surfaces. For both PTO and MTO (methylrhenium trioxide) cases, we find that for pH > 1 the BV pathway having OH − as the leaving group is lower in energy than the one involving simultaneous protonation of hydroxide. We also find that during this organometallic BV oxidation, the migrating phenyl is a nucleophile so that substituting functional groups in the para-position of phenyl with increased electron-donating character lowers the migration barrier, just as in organic BV reactions. However, this substituent effect also pushes electron density to Re, impeding HOO − coordination and slowing down the reaction. This is in direct contrast to the organic analog, in which para-substitution has an insignificant influence on 1,2-addition of peracids. Due to the competition of the two opposing effects and the dependence of the resting state on pH and concentration, the reaction rate of the organometallic BV oxidation is surprisingly unaffected by parasubstitution.
Introduction
The development of an efficient oxy-functionalization reaction that can be integrated with C-H activation reactions is a key challenge in developing selective, low-temperature (<250°C) hydrocarbon oxidation catalysts. Facile oxy-functionalization reactions of nucleophilic M δ+ -R δ− complexes are rare, [1] [2] [3] [4] [5] although functionalizations are well-known for M δ− -R δ+ intermediates of more electronegative metals. [6] [7] [8] Some of us reported recently both theory and experiments on the reaction of methylrhenium trioxide (CH 3 -ReO 3 , MTO) with oxidants (H 2 O 2 , PhIO, and IO 4 − ) in the aqueous phase. 2, 9 We concluded that the reaction proceeds through a Baeyer-Villiger (BV) type transition state 9 leading to formation of methanol in high yields (>80%). More recently, we studied the oxidation of 2,4,6-trimethylphenylrhenium trioxide (Mes-ReO 3 , MesTO) in similar conditions. 4 We found that the lowest-barrier pathway is also through a BV type oxygen insertion, and that the replacement of alkyl by aryl migrating groups leads to an increase in the reaction rate.
To aid the understanding of how this stoichiometric transformation might be integrated into complete catalytic cycles, we utilized density functional theory (M06 functional) 10 to study the effect of para-substitution on the oxidation of phenylrhenium trioxide (Ph-ReO 3 , PTO) by H 2 O 2 . We also investigated the pHdependence of this BV type oxidation, since the rate of complementary steps such as substrate coordination, C-H cleavage, and oxidation often are pH dependent.
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Results and discussion
We began this study by calculating the aqueous phase Gibbs free energy surface of the oxidation of PTO by H 2 O 2 (1 M) at pH = 7 and comparing it to that of MTO (Scheme 1). The weaker electron-donating ability of phenyl relative to methyl 16 leads to a less electron-rich Re center and stronger coordination of HOO downhill for PTO, whereas it is 3.3 kcal mol −1 uphill for MTO (BV-OH pathway). The barrier for oxy-insertion is 11.7 kcal mol −1 for PTO; whereas, it is 23.2 kcal mol −1 for MTO. This suggests that PTO is more reactive toward the oxidation than MTO, consistent with the instantaneous reaction of PTO upon mixing at room temperature. 4 The higher migratory aptitude of phenyl over methyl is also observed in the organic Baeyer-Villiger, 17 pinacol, 18 and Wagner-Meerwein rearrangements. 19 This trend can be explained by an interaction of the phenyl π-orbitals with an antibonding linear combination of Re-d π and O-p π orbitals which helps stabilize the transition state a Materials and Process Simulation Center, California Institute of Technology, Pasadena, California 91125, USA. E-mail: smith@wag. caltech.edu (Scheme 2). 20, 21 A similar orbital interaction is also responsible for a facile Ph 1,2-migration across the Re-O bonds of a Re(VII) bis-oxo system. 1, 22 Our calculations also suggest that, similar to MTO, the oxidation of PTO by H 2 O 2 is highly exergonic (ΔG = −79.9 kcal mol −1 ) and thus irreversible, consistent with experiments. 2, 4 Interestingly, at the transition state (TS), methyl is more distant from the Re moiety (R C-Re = 2.52 Å, R C-O = 2.03 Å) than phenyl (R C-Re = 2.28 Å, R C-O = 1.72 Å). This led us to suspect that a significant amount of singlet diradical character may exist in this TS, and that the electronic structure at the TS might not be well described by the usual spin-restricted density functional formalism (R-M06). To test this we carried out a CCSD calculation 23 at the R-M06-optimized TS structure yielding a T1 diagnostic 24 of 0.027. This value is slightly higher than the 0.02 threshold suggested for determining whether single determinant methods can be successfully applied. 24 The T1 diagnostic is only 0.021 for the PTO TS.
However, full optimization of the MTO TS using CCSD leads to a structure (R C-Re = 2.58 Å, R C-O = 2.07 Å, and R O-O = 1.84 Å) that is almost identical to that from the R-M06 functional. Moreover, CCSD gives a barrier (electronic energy only with LACVP** basis set) of 35 +1 , the migration leads to a stable five-coordinate product (−10.7 kcal mol −1 downhill compared to the reactant), whereas for Ph-ReO 3 the migration leads to the formation of an unstable three-coordinate Re complex (18.6 kcal mol −1 uphill). High coordination stabilizes products and destabilizes the initial Re-C bond through the orthogonalization of covalent and dative bonding orbitals. Also, the Re-oxo moiety of the Tp complex is more electrophilic, as determined either by the core orbital energies (the Re-5s and the O-1s orbitals are 1.0 eV and 1.2 eV deeper in the Tp complex, respectively) or oxo Mulliken charges (−0.55 in the Tp complex and −0.65 in PTO). These suggest that, for d 0 oxo complexes, the thermodynamics and kinetics of direct migration are promoted by a high coordination number and strong electrophilicity.
In the BV reaction, OH − is liberated and eventually neutralized by protonation (BV-OH pathway); thus the reaction barrier may be lowered if the leaving group is H 2 O instead of OH − (BV-H 2 O pathway). This new pathway has not been fully investigated before, 4,9 so we examined this possibility herein. Concurrently, we explored the influence of pH on the two different pathways. We located two types of transition states for the BV-H 2 O energy surface (Scheme 4). In the top example, a proton from solvent (represented by three explicit water molecules in addition to the polarizable continuum solvent) is transferred to the OH − to form H 2 O water during the course of the migration. In the second case, the proton transfer is intramolecular: a proton bound to one of the three oxo groups ( presumably provided by H 2 O 2 initially) is transferred to OH − to form H 2 O. The Gibbs , Gibbs free energies including aqueous solvation in parentheses, initial Re-C bond lengths marked in Angstroms). free energy barriers at pH = 7 are 27.0 and 25.2 kcal mol −1 for PTO and 32.3 and 31.6 kcal mol −1 for MTO (taking the peroxide complex as resting state for R = Ph). Importantly, these barriers are much higher than those with OH − as a leaving group (11.7 and 23.2 kcal mol −1 for PTO and MTO, respectively). This suggests that despite having a poorer leaving group, BV-OH is still a more favorable pathway than BV-H 2 O at pH = 7.
In the BV-OH pathway one proton is released from hydrogen peroxide upon coordination to R-ReO 3 (R = CH 3 , Ph). This suggests that the coordination energies and the overall BV barriers are pH-dependent. In contrast, since no proton is liberated in BV-H 2 O, its overall barrier is pH independent. Accordingly, a change in solution pH may change which pathway has the lowest barrier. Since it is well known that trioxorhenium-hydrocarbyl bonds hydrolyze rapidly in basic aqueous solutions, but slowly in acidic media, 25, 26 we will discuss only the low-pH regime here.
Decreasing pH disfavors liberation of a proton, and therefore destabilizes the hydrogen peroxide complex and the BV-OH transition state. The hydrocarbyl migration barrier remains unaffected, but the overall barrier increases as the pH value decreases. For example, for the PTO system where pH = 5, the coordination energy is uphill by 2.2 kcal mol −1 and the overall barrier is increased to 13.9 kcal mol −1 (Scheme 1). As the environment becomes more acidic, the overall barrier of the pathway BV-OH increases, whereas that of BV-H 2 O remains unchanged. Eventually, under strongly acidic conditions, BV-H 2 O becomes the most favorable low energy pathway. Our calculations suggest that for PTO, BV-H 2 O would be more favorable than BV-OH only below pH = −2.8, and for MTO the crossover takes place at pH = 0.9. Since BV-OH is energetically more favorable than BV-H 2 O for pH > 1, only BV-OH is considered in the following Hammett study.
Analyzing the variation of electron density in PTO during the phenyl migration step using fragment Mulliken charges, we find that significant charge variation takes place only in the hydroxide leaving group and the migrating phenyl group (Fig. 1) . Along the intrinsic reaction coordinate (IRC), electron density accumulates on OH as indicated by its Mulliken charge which varies from 0.0 to −0.7 (as hydroxyl transforms to hydroxide). Charge leaves the phenyl group, as indicated by its Mulliken charge changing from −0.2 to 0.4. Thus Ph plays the role of nucleophile. This also suggests that the migration step should be accelerated when the para-position of Ph is substituted with a more electron-donating group.
We therefore replaced hydrogen at the para-position in PTO by various electron-withdrawing and electron-donating substituents ( p-X-C 6 H 4 -ReO 3 , X = CF 3 , CH 3 , OCH 3 , OH, and NH 2 ). Indeed, we find that as X becomes more electron-donating, the migration barriers (the Gibbs free energy difference between hydrogen peroxide complexes and BV transition states) decrease from 14.4 (X = CF 3 ), 11.7 (H), 10.4 (CH 3 ), 9.8 (OCH 3 ), 9.6 (OH), to 8.4 (NH 2 ) kcal mol −1 (Table 1) . Indeed we find a good correlation (R 2 = 0.99) between those barriers and the Hammett parameter of X (the dashed line in Fig. 2) . A similar trend is also observed in the analogous organic BV reaction 27 and in a recent computational study of BV insertion within Pt(II)-aryl complexes. 28 An examination of the coordination energy shows that a more electron-donating X impedes the coordination of HOO − to Re. The effect is large enough that the total BV barrier depends on the substituent in the opposite sense of the migration barrier. The coordination energy increases from −4.3, −0.5, 1.5, 2.9, 2.3, to 5.5 kcal mol −1 for X = CF 3 , H, CH 3 , OCH 3 , OH, and NH 2 , which correlate well (R 2 = 0.98) to the Hammett parameter of X (the solid line in Fig. 2) . The para-substituent also changes the identity of the ground state (at 1 M H 2 O 2 ): thus for X = CF 3 and H, the ground state is the hydrogen peroxide intermediate, but for X = CH 3 , OCH 3 , OH, and NH 2 , it is the aryl rhenium trioxide.
The substituent effect leads to variations in the coordination energy (9.8 kcal mol −1 ), which are even larger than for the migration barrier (6.0 kcal mol −1 ). Because of compensation by two opposing influences and the change of the ground state species, the overall BV reaction barriers (13.9, 11.9, 12.7, 11.9, 11.7, and 14.4 kcal mol −1 for X = CF 3 , H, CH 3 , OCH 3 , OH, and NH 2 , respectively) depend erratically on the p-substituent on phenyl with a poor correlation between the reaction rate and the Hammett parameter of X (Fig. 3, black line) . 29 This is contrary to the results for the analogous organic BV reaction, in which the substituent effect shows a very profound influence on the reaction rate. The BV oxidation of ketones by peracids in aprotic solvents can also be partitioned into two similar steps (Scheme 5): (1) 1,2-addition of peracid to the ketone forming a tetrahedral intermediate (Criegee intermediate), and (2) the migration of a hydrocarbyl group to oxygen with simultaneous loss of a carboxylic acid. Reyes et al. studied the p-substituent effect on the oxidation of acetophenones by means of DFT. 30 They found that X substitution has a similar influence on the migration barrier as in the PTO system. However, for the 1,2-addition step, the substituent effect is insignificant. This is because a more electron-donating X, pushes electron density both to carbon (impeding the addition) and to the ketone oxo Fig. 2 Correlations between the coordination energies and phenyl migration barrier to the Hammett's parameter of X, which is 0.54, 0.0, −0.17, −0.27, −0.36, and −0.66 for CF 3 , H, CH 3 , OCH 3 , OH, and NH 2 , respectively. 16 Fig . 3 Correlations between the reaction rates at different pH to the Hammett's parameter of X. (increasing its basicity and therefore facilitating the addition step). The overall barrier depends only on the migration barrier, which is shown to decrease as X becomes more electrondonating.
Since changing acidity can change the coordination energy and the identity of the ground state species, the reaction rate (or overall barrier) can be tuned by solution pH value. At pH = 12 and 1 M PTO and H 2 O 2 , the hydrogen peroxide complexes are the ground states for all X substitutions with no penalty imposed for coordinating HOO − to the aryl rhenium trioxide species. Thus, the overall barrier is determined only by the barrier of the migration step (our calculations show that it is more favorable to bind HOO − than HO − by 3.9 kcal mol −1 ). As a result, the reaction rates are higher than those in pH = 7, and are inversely proportional to the Hammett parameters (R 2 = 0.99, blue line, Fig. 3 ).
On the other hand, at low pH ( pH = 2) or low reactant concentration, the ground state for all X groups is the arylrhenium trioxide species, and there is a larger penalty for deprotonating H 2 O 2 as compared to that at pH = 7. This leads to a larger penalty for forming the hydroperoxide intermediates. Therefore, the influence of the coordination step outweighs that of migration and dominates the overall Gibbs free energy surface. As a result, the reaction rates are smaller than those at pH = 7 and are proportional to the Hammett parameter of X, showing that the reaction is decelerated when X becomes more electron-donating (red line, Fig. 3 ).
Conclusions
In summary, we studied the BV-type oxidation of phenyl trioxorhenium by H 2 O 2 in the aqueous phase. Our coupled-cluster calculations show that although the BV-type transition state contains some singlet diradical character (especially in the MTO case), its electronic structure is still well described by R-M06. We have investigated an alternate BV pathway in which H 2 O instead of OH − is the leaving group, and find that in the pH range of interest ( pH > 1), the BV pathway with OH − as the leaving group is lower in energy than one featuring simultaneous protonation of hydroxide for both PTO and MTO cases. Based on the fragment Mulliken charges, the organometallic BV oxidation occurs with the migrating phenyl acting as a nucleophile. Accordingly, substituting an electron-donating functional group in the para-position of phenyl lowers the migration barrier, similar to the organic analog. However, this substituent effect also pushes electron density to Re, impeding HOO − coordination and slowing down the reaction. This is in contrast to the organic BV oxidation, in which para-substitution insignificantly influences the 1,2-addition of peracids. Due to the competition of the two opposing effects and the dependence of the resting state on pH and concentration, the reaction rate of this organometallic BV oxidation does not correlate linearly on the Hammett parameters of the substituents.
The organometallic Baeyer-Villiger reaction poses a remarkably low barrier to the insertion of oxygen into metal-carbon bonds (e.g., the calculated barrier for oxidizing Ph-ReO 3 to PhO-ReO 3 is only 11.7 kcal mol −1 ). However, the disadvantage of this reaction is that if the substrate "M-R" has non-zero delectrons, the oxidant may oxidize the metal rather than the metal-carbon bond; therefore, this reaction is not suitable for metal complexes with high-energy d-electrons. In two classes of M-R complexes this mechanism may play an important role. The first class is early transition metal complexes that have no delectrons. However it is unlikely that species capable of activating C-H bonds can be catalytically regenerated after oxidation of those oxophilic metals. The second class is later transition metal complexes with very stable d-electrons. For example, the insertion of oxygen into palladium-aryl and nickel-aryl bonds is already known. [31] [32] [33] This class is more promising for integrating the OM-BV oxy-functionalization with alkane C-H activation, since late transition metals are known for activating alkane C-H bonds in oxidizing conditions. 11, 34, 35 Therefore, we will focus on those systems in the future.
Computational details
The geometry optimizations and zero-point vibrational energy (ZPVE) were carried out using the M06 functional 36, 37 with the 6-31G**basis set 38, 39 for all atoms except Re. For Re the first four shells of core electrons were described by the Los Alamos angular momentum projected effective core potential (ECP) using the double-ζ contraction of valence functions 40 (denoted as LACVP**).
Solvation energies were calculated using the Poisson-Boltzmann self-consistent polarizable continuum method 41, 42 implemented in Jaguar 43 to represent water (dielectric constant = 80.37 and effective radius = 1.4 Å). The solvation calculations used the M06/LACVP** level of theory and the gas-phase optimized structures.
Singlet-point energy calculations were performed using the M06 functional with a larger basis set: here Re was described with the triple-ζ contraction of valence functions augmented with two f functions 44 and the core electrons were described by the same ECP; the other atoms were described with the 6-311++G** basis set. [45] [46] [47] Unless otherwise noted, all energies discussed in this work are free energies, calculated as
where n = 12 accounts for the potential and kinetic energies of the translational and rotational modes and T = 298 K. (aq) at pH = 7 were calculated by adding the computed ideal gas phase Gibbs free energy and the experimentally measured solvation free energy ΔG(1 atm→1 M) 48, 49 and correcting for concentration via G = G°+ kTln(C/C°).
